] has been the standard through today and is accepted by the Food and Drug Administration (FDA) for food labeling purposes (Code of Federal Regulations, 2018) .
Meanwhile research on dietary fiber and health outcomes continued, and the definition of "dietary fiber" expanded to address intrinsic fiber versus components added as functional ingredients to enhance the fiber content of processed foods (Table 1) and to include endogenous starch resistant to digestive enzymes ("resistant starch") and non-digestible oligosaccharides. Resistant starch and non-digestible oligosaccharides are active in the gut but not included in EGF (Dai and Chau, 2017; de Menezes et al., 2013) . A modification of the EGF method (mEGF) was developed by McCleary et al. (McCleary, 2010; McCleary et al., 2010 McCleary et al., , 2012 McCleary et al., , 2013 , that includes non-digestible oligosaccharides and some forms of resistant starch by changes to the digestion steps and addition of HPLC analysis.
The definition of dietary fiber varies among different governing organizations, and for food labeling versus other (e.g., research and food composition database) purposes. Some of these differences are summarized in Table 1 (also see excellent discussions by Jones, 2014; Stephen et al., 2017; Zielinski et al., 2013) . It is particularly notable that the U.S. Food and Drug Administration (FDA) currently makes it optional to include non-digestible oligosaccharides of 3-9 monomeric units in fiber declared on food labels (U.S. Food and Drug Administration, 2018), but the Codex Alimentarius Commission, a United Nations organization jointly run by the Food and Agriculture Organization (FAO) and World Health Organization (WHO) and which oversees harmonization of food standards, excludes these components (Zielinski et al., 2013) , but it is left to each country whether or not to adopt or modify this definition. Therefore, dietary fiber determined gravimetrically is essentially defined by the methodology used to measure it, and dietary fiber intake and values reported in food composition databases and on food labels from various sources do not always represent the same group of chemical compounds (Stephen et al., 2013; Westenbrink et al., 2013; Zielinski et al., 2013) . Changing definitions and values in food composition databases for dietary fiber for the same foods but determined by different methodology have consequences for research on intake of dietary fiber and health outcomes, dietary recommendations, and nutritional assessment of "adequacy". Food composition data underlie population intake estimates for dietary fiber in epidemiological studies (Ahuja et al., , 2012 Champagne et al., 2019; Greenfield and Southgate, 2003; Pehrsson and Haytowitz, 2016) . Thus, conclusions and dietary recommendations can be confounded by the source and method of determination of dietary fiber in foods, a lack of consistency among different data sources, and unawareness by users of the data in the basis for "dietary fiber" values and how they have changed over the years (Stephen et al., 2017; Westenbrink et al., 2013) .
Historically, some value for "fiber" has been available for many foods for more than 100 years. As early as 1892, crude fiber was included in the Atwater table of composition data for 178 food items (Atwater and Woods, 1896) . Data on fiber became widely distributed in searchable databases starting in approximately 1992 (Haytowitz and Klensin, 1994) , including the USDA National Nutrient Database for Standard Reference (SR) (Ahuja et al., 2012) . In the U.S., SR data are used in conjunction with the National Health and Nutrition Examination Survey (NHANES)/What we Eat in America (WWEIA; Centers for Disease Control and Prevention, 2007) (Ahuja et al., , 2012 Bodner-Montville et al., 2006) . USDA data also are incorporated into many secondary databases developed to estimate intake in feeding trials and epidemiological studies; for example, the Harvard University Food Composition Database used in the Health Professionals Follow-Up Study on dietary intake and health outcomes (Harvard T.H. Chan School of Public Health, 2018) , the Nutrient Data System for Research (University of Minnesota Nutrition Coordinating Center, 2018) , and the ESHA Food Processor Nutrition Analysis software (ESHA Research, Salem, OR) . Yet, as discussed, dietary fiber is measured as a group of compounds, not chemically distinct components, and methods have changed over the years, even if the actual composition of the food has not. Table 2 summarizes the evolution of methodology underlying dietary fiber data in the USDA food composition databases over the years. Since 1997, USDA efforts in the National Food and Nutrient Analysis Program (NFNAP) have included statistical nationwide sampling and chemical analysis of foods to update and increase the quality of data in SR (Haytowitz et al., 2008; Haytowitz and Pehrsson, 2018) . Through 2018 (SR release 28/Legacy SR) ; U.S. Department of Agriculture, 2019), very few foods have been analyzed for mEGF. Analysis of dietary fiber, and particularly mEGF, is labor intensive and costly (Salmas et al., 2017) . It is therefore important to understand the degree of difference in dietary fiber content of various foods as measured by different currently accepted methods for U.S. food labeling and nutrition (EGF versus mEGF), so that resources can be effectively allocated for updating dietary fiber food composition data, and to alert users of the data to possible explanations for discrepancies in dietary fiber intake calculated with data generated by different methodology.
The goal of this study was to compare the EGF and mEGF content of select foods that were sampled as part of the NFNAP, expected to contain varying levels of total dietary fiber and different components of dietary fiber, estimation of the analytical uncertainty of the measurements, and to make recommendations for where to focus efforts on Table 1 Current definition of "dietary fiber" according to different organizations. dietary fiber analysis of foods and incorporation of data into food composition databases.
Materials and methods

Food samples
Commonly consumed foods that are considered good sources of dietary fiber but expected to contain different dietary fiber components (e.g., pectin, resistant starch, non-digestible oligosaccharides), were selected from among a range of foods samples procured for the NFNAP : legumes [dried chickpeas, peas, lentils (uncooked and cooked); canned refried beans, hummus); nuts and seeds (sunflower seeds, mixed nuts, almonds); fruits and vegetables (plantains, raspberries, kale); whole grain processed foods (wheat bread, taco shells, tortilla chips, oatmeal cookies, popcorn, prepared wild rice mix, French fries]. All samples were purchases at retail outlets, except the chickpeas, peas, and lentils (pre-cleaned) and raspberry products, which were received directly from producers, through the American Pulse Association (Moscow, ID) and National Processed Raspberry Council (Lynden, WA), respectively. Russet potatoes were purchased locally (Blacksburg, VA). Procedures for sampling and shipment of samples for the NFNAP have been previously reported (Trainer et al., 2010) . The raspberry products were received frozen and stored frozen (−60°C) prior to homogenization and subsampling for analysis. Sample information is summarized in Table 3 , including ingredients listed on the label for packaged foods.
Samples requiring preparation were prepared immediately prior to homogenization. Dried pulses were boiled according to the parameters show in Table 3 for each sample. Baked potatoes (whole, with skin) were prepared by punching six approximately 0.5 mm wide by 2.5 mm deep holes around the potato, using a stainless steel pick, then baking in a conventional oven for 50 min at 218°C (425°F). The baked potatoes were allowed to cool at room temperature for 15 min, then individually cut (unpeeled) into approximately 1.25 cm cubes, frozen in liquid nitrogen, and homogenized. Wild rice mix was prepared according to package instructions.
The uncooked dry pulses, almonds, and sunflower seeds were homogenized using a Vitamix 750 Professional Series blender with dry blade assembly (Vita-Mix Corp., Cleveland, OH) resulting in a fine powder. The raspberry pureé and concentrate were thawed completely in the refrigerator (2-4°C), then blended thoroughly with a whisk or spoon. All other foods were homogenized while frozen in liquid nitrogen (except for cooked peas, processed without liquid nitrogen), using a 6 L Robot Coupe Blixer™ industrial stainless steel food processor (Model BX6V; Robot Coupe, Ridgeland, MS). Subsamples of each homogenate were stored in 30-mL or 60-mL straight-sided glass jars with Teflon™-lined screw caps. The homogenized foods were kept frozen in liquid nitrogen, and stored under residual nitrogen in the sealed jars, at −60°C until analyzed.
Control composites and standard reference materials
In-house control composites (CC), developed for the NFNAP (Phillips et al., 2006) and commercially available standard reference materials (RM) having values for dietary fiber were analyzed with samples. NIST SRM® 2387 Peanut Butter (with a reference value for EGF) and NIST SRM® 3233 Fortified Breakfast Cereal (with reference values for EGF and mEGF) were procured from the National Institute of Standards and Technology (NIST) (Gaithersburg, MD). CC included materials that had been previously analyzed with NFNAP food samples for EGF over a period of years ("Bread/Snack Food CC", "Cereal CC", "Starchy Vegetable II CC"), and a mixed vegetable composite ("Fiber Vegetable CC"), prepared specifically to include ingredients with different components that are part of mEGF. A description of the preparation and use of control materials for the NFNAP has been published previously (Phillips et al., 2006) . Bread/Snack Food CC contained refrigerated biscuits (baked), whole wheat bread, white corn tortilla chips, corn muffins (prepared from mix), pound cake, oat bran muffins, and scones. Cereal CC was a multigrain toasted oat breakfast cereal. Starchy Vegetable II CC contained canned (drained) spinach, potatoes (without skin), refried beans, and vegetarian vegetable soup; baby food Phillips, et al. Journal of Food Composition and Analysis 84 (2019) 103253 (continued on next page) K.M. Phillips, et al. Journal of Food Composition and Analysis 84 (2019) 103253 sweet potatoes and corn; non-iodized salt. Fiber Vegetable CC contained canned (drained) chickpeas, raw orange sweet potatoes (peeled), ripe bananas (peeled), baked russet potatoes (with skin), raw russet potatoes (without skin), raw kale (leaves only), and raw white onions (peeled).
Analysis of dietary fiber
EGF was measured by AOAC 991.43 (AOAC, 2005a) and mEGF by AOAC, 2011 .25 (AOAC, 2011 ) or AOAC 2009 .01 (AOAC, 2012 , at two laboratories that had been previously qualified for analysis of dietary fiber by proficiency testing for the NFNAP (Haytowitz et al., 2008; Haytowitz and Pehrsson, 2018) . Samples of CCs and RMs were included and analyzed with each batch of samples (Sections 2.2, 2.5) and enabled estimation of the contribution of lab-to-lab differences in measurement for each methodology. The frozen samples were shipped on dry ice via express overnight delivery and stored frozen before analysis. One laboratory stored samples at −20°C and thawed to room temperature before analysis, and did not freeze-dry or grind. The other laboratory stored samples at −70°C, and did not freeze-dry or thaw before analysis.
Proximate analyses
Moisture, ash, total fat, protein, and starch were measured as part of the NFNAP, using standard methods and quality control measures. Methods and results are reported as supplementary material, to provide information on proximate composition.
Quality control
The food samples were grouped for EGF and mEGF analysis in batches, and a matrix-matched CC and/or RM sample (Bread/Snack Food CC, Cereal CC, Starchy Vegetable II CC, NIST SRM® 2387 Peanut Butter, NIST SRM® 3233 Fortified Breakfast Cereal (Section 2.2) was included in each batch. Values from previous analyses of EGF and/or mEGF in the CCs [as described previously (Phillips et al., 2006) ] and from the certificates of analysis for the NIST materials were used to establish expected ranges as well as to estimate analytical reproducibility of measurements across batches and laboratories.
Data analysis 2.6.1. Summary statistics
Statistical parameters [means, standard deviations (SD), percent relative standard deviations (RSD), etc.] were calculated using Microsoft® Excel® 2016 (16.0.4266.1001) (Microsoft Corporation; Redmond, WA). To evaluate analytical precision, the ratio of the assayed RSD to the expected RSD ("HorRat") was calculated according to the approach of Horwitz and Albert (2006) : RSD assayed /(mean assayed / 100) −0.1505 for within laboratory data and RSD assayed /(2*(mean assayed / 100) −0.1505 ) for values from multiple laboratories, with mean values in g/100 g, with a HorRat of |1.0| to|2.0|, indicating acceptable analytical precision.
Means comparisons
Analysis of variance (ANOVA) and Tukey's pairwise comparison of means (Ott and Longnecker, 2016) were performed using XLSTAT (version 19.4.45826; Addinsoft, New York, NY), with α = 0.05, in cases where multiple samples of a given food were analyzed.
Because the high cost of analysis precluded replicate analysis of samples in all cases, and consequently a single replicate was analyzed for some foods, the analytical uncertainty in single values (eSD) was estimated by using results for the control materials, as follows. For a given food sample analyzed in singlicate, the RSD for the matrix-matched control material, as percent of the mean, was calculated using all Where indicated, dried pulses were covered in tap water and soaked overnight at room temperature (20-22 o C), then drained and rinsed prior to cooking. All samples were cooked by boiling in distilled deionized.
water, with occasional stirring, and drained for 1 min after cooking, prior to homogenization (Section 2.1).
data for that material from the laboratories that performed the analyses for this study, and the eSD was taken to be the assayed value for the food sample times the RSD/100 for the matrix matched control material. The minimum detectable difference (MDD) was estimated for comparing singlicate analysis of EGF and mEGF in a given sample, as the sum of 2 times eSD for each value. Differences between mEGF and EGF that were less than the MDD were not considered significant. 
Results
Quality control
Control composites and standard reference materials analyzed with samples
Results for the control materials analyzed with the food samples for EGF and mEGF are summarized in Table 4 . EGF was within the reference range for NIST 2387 Peanut Butter, and EGF and mEGF were within the reference range for NIST 3233 Breakfast Cereal, and the HorRat was acceptable in all of these cases [ < |3| (Horwitz and Albert, 2006) ]. The HorRat was also acceptable for EGF in Starchy Vegetable II CC and Bread/Snack Food CC, but was high for mEGF in Cereal CC (9.3), Bread/Snack Food CC (20.5), and Fiber Vegetable CC (9.0). mEGF being the sum of values from assay of more than one fraction in a given sample is a likely reason for increased (additive) uncertainty and might also be affected by characteristics of a particular sample (discussed in Section 4.1).
Minimum detectable differences
The estimated MDD for mEGF − EGF (Section 2.6.2) ranged from 0.5 g/100 g (raspberry concentrate) to 3.7 g/100 g (taco shells) (Table 5A ). For comparison of cooked and uncooked dried pulses, the MDD was 1.0-2.0 g/100 g for EGF and 0.6-1.3 g/100 g for mEGF (Table 5B ). Although imperfect, this provides some basis for assessing the magnitude of differences in fiber content attributable to methodology (EGF or mEGF), relative to differences that could be attributed to analytical variability within a given methodology.
Dietary fiber content of foods determined by EGF and mEGF
All foods
The total dietary fiber content of each food measured as EGF and mEGF is summarized in Table 6 . There was no detectable difference [i.e., statistically significant and/or greater than the estimated MDD (Section 3.1.2)] between EGF and mEGF in the following products (mean EGF, mEGF g/100 g in parentheses): almonds (10.3, 10.8), wheat bread (8.63, 8.70), oatmeal cookies (3.19, 3.77), tortilla chips (4.87, 5.45), taco shells (5.71, 6.87), raw kale (3.71, 3.23), frozen kale (3.97, 3.99), fast food French fries (3.79, 4.57), or cooked pulses (except for green lentils). The largest differences between mEGF and EGF were in the uncooked dried pulses, ranging from 5.4 to 10.5 g/100 g (25 to > 50% of EGF) and raw potatoes (13.7 g/100 g, 585% of EGF) (see additional discussion in Ssections 3.2.2 and 3.3). Smaller differences, also with mEGF greater than EGF, were found in the following foods (difference in g/100 g, % of EGF): hummus (2.6, 44%), canned refried beans (0.7, 18%), raspberry concentrate (2.2, 240%), raspberry pureé (1.5, 32%), boiled green and baked yellow plantains (3.1, 166% and 2.8, 135%, respectively), prepared wild rice mix (1.5, 164%), baked potatoes (1.4, 75%).
Interestingly, mEGF was lower than EGF in popcorn (−1.7 g/100 g, −16% of EGF), frozen raspberries (−1.4, −30%), dry roasted sunflower seeds (−2.2, −19%), and in prepared frozen French fries (−1.5, −52%) but not in fast food French fries (EGF 3.79 g/100 g, mEGF 3.99 g/100 g). Four of the five frozen French fries samples analyzed had mEGF values < 1 g/100 g and one sample had 3.52 g/100 g. Since it was impractical to analyze replicates of each individual sample of each food, it is possible that these were analytical anomalies (see discussion in Section 4.1.3).
Cooked and uncooked dried pulses and potatoes
To compare potential changes in fiber composition measured as EGF or mEGF in cooked and uncooked dried pulses and potatoes, the fiber contents of the cooked and uncooked products were compared on a dry weight basis (Fig. 2) . EGF was higher as a percent of solids in cooked versus uncooked dried pulses (5.2-24.1 g/100 g dry weight), except for red lentils, in which there was no difference. For mEGF, only lentils showed a difference, with values 6.9-7.1 g/100 g dry weight higher in cooked versus uncooked. These differences were much smaller than EGF g/100 g dry weight between cooked and uncooked (15.1 for green lentils and no difference for red lentils). Based on components of fiber that would be included in mEGF and not EGF, particularly resistant starch and oligosaccharides, one would expect higher mEGF in the cooked versus uncooked pulses and little to no difference in EGF. One possible reason for the opposite trend (higher EGF on a dry weight basis and no difference in mEGF) is that solids that are not part of EGF were lost during cooking (e.g., leached into the discarded cooking water), so that fiber as a percent of solids became higher in the cooked sample, but that change was countered by the inclusion of resistant starch and oligosaccharides in fiber measured by mEGF but not EGF.
In contrast, in the potatoes, there was no difference in EGF g/100 g dry weight in raw and baked potatoes, but mEGF 71.4 g/100 g dry weight was higher in the raw potatoes. Type 1 resistant starch (Section 4.1.2.1) in potatoes (Raatz et al., 2016) could explain these results, given that the EGF analysis likely made the potato starch accessible to the digestive enzymes during the autoclaving step that is part of the analysis, and there was no potential for loss of solids as in the cooking of the dried pulses.
Discussion
Possible reasons for difference, or lack of difference, in fiber analyzed by EGF and mEGF
There are four basic elements that affect the results for fiber determined by EGF versus mEGF: a) methodological parameters that affect extraction or inclusion of dietary fiber components; b) composition of fiber in a given food; c) analytical uncertainty, due to the tedious nature of the assays; d) sample processing during analysis that (unintentionally) affects fiber content/composition relative to the food as consumed.
Methodological differences
As highlighted in Fig. 1 , the main differences between the EGF and mEGF methods are, in mEGF, elimination of the autoclaving prior to amylase treatment, lower temperature and longer time for enzyme incubations, and measurement and inclusion of non-digestible oligosaccharides, by high-performance liquid chromatography of the soluble portion of the fiber digest. Others have discussed the potential disparity in the fiber content of foods determined by these two approaches and/ or actually measured the contents in different foods (Aldwairji et al., 2014; Chen et al., 2016; Food Standards Australia New Zealand, 2017) ; Hollmann et al., 2013; Maningat et al., 2013; Pastell and Putkonen, 2014; Tobaruela et al., 2018) .
Composition of dietary fiber
These modifications would theoretically lead to a difference in EGF and mEGF in some foods in this study (Table 3 ) as a consequence of the different components of dietary fiber affected (Fig. 3) . From a practical Table 4 Results for enzymatic-gravimetric (EGF) and modified enzymatic-gravimetric (mEGF) total dietary fiber (g/100 g) in control composites (CC) and certified reference materials analyzed with samples in this study (Table 6 ). RSD = relative standard deviation. HorRat = assayed RSD/expected RSD (Horwitz and Albert, 2006) Table 6 Mean total dietary fiber content for different types of foods (g/100 g) as measured enzymatic-gravimetric analysis (EGF) (AOAC, 2005a) and modified enzymaticgravimetric method (mEGF) (AOAC, 2011 (AOAC, , 2012 . Differences in bold differ significantly (p < 0.05) and exceed the minimum detectable difference (MDD) (sum of estimated analytical uncertainty for EGF and for mEGF) (Section 2.6.2 and Table 5 ). Differences in bold italics are statistically significant but < MDD a . For foods with n = 1 differences > MDD are noted as significant. .3), cooked (7.7); green peas uncooked (2.5), cooked (8.2); green lentils uncooked (2.7), cooked (7.0); red lentils uncooked (2.1), cooked (4.0); chickpeas uncooked (1.9), cooked (6.8); sunflower seeds (1.1); almonds (1.9); hummus (1.0); refried beans (0.7); wild rice mix (1.7); wheat bread (0.9); oatmeal cookies (3.0); taco shells (5.4); tortilla chips (4.3); popcorn (1.0); plantains green ( which the autoclaving step is omitted (Fig. 1) , and dietary fiber measured by mEGF would be expected to be higher in uncooked foods containing Type 1 RS. Potatoes and dried pulses in this study showed a dramatic difference in mEGF (but not EGF) in raw versus cooked samples, and in total fiber measured by mEGF versus EGF in the raw products (Section 3.2.2) . These foods are not typically consumed uncooked, but the degree of gelatinization of the RS, and hence total fiber measured by mEGF versus EGF, could vary based on cooking time and method. In this study only cooked plantains were analyzed, and fiber measured by mEGF relative to EGF was only moderately higher (˜3 mg/100 g) suggesting that some of the starch may not have been fully cooked in the prepared plantains, and/or the presence of another form of RS. Soares at al. (2011) have reported on the resistance of starch to hydrolysis due to conformation of starch granules in plantains. Type 3 RS is likely in baked products, cooked and cooled pastas (e.g., frozen dinners), or dried, extruded or otherwise processed highstarch foods. EGF and mEGF methods (and different methods for direct determination of RS) have been reported to variably include retrograded starch (Food Standards Australia New Zealand, 2017) . In the present study, several foods likely to contain Type 3 RS were analyzed (wheat bread, oatmeal cookies, taco shells, tortilla chips, popcorn). No statistically significant difference were found in total fiber measured by mEGF and EGF. However, the wide range in values among samples (1.2-4.0 and 0.5-3.6 g/100 g for EGF and mEGF, respectively) suggests variability among samples or of analytical variability that limit ability to detect differences, despite documented and variable effects of processing on resistant starch content measured directly (e.g., Berry, 1986; Raatz et al., 2016) . Table 1 ), such as raffinose, stachyose, and verbascose, endogenous to legumes (Brummer et al., 2015; Fan et al., 2015) and other foods, as well as hydrolysis products of non-starch polysaccharides [e.g., fructo-oligosaccharides from inulin (Roberfroid, 2005) ] and some types of starch (created during processing, for example) (Grootaert et al., 2007; Mussatto and Mancilha, 2007; Swennen et al., 2006) , designated as "low molecular weight soluble dietary fiber" (LMWSDF) in the mEGF assay. If LMWSDF is present in a given food, there should theoretically be a higher fiber content measured by mEGF versus EGF, measured as LMWSDF by the mEGF assay. Since the oligosaccharides can be leached into cooking water (e.g., boiled vegetables and legumes), variation in cooking method could affect the degree to which these components are removed during cooking. For example, how dried beans are prepared varies widely in terms of soaking or not prior to cooking, whether or not soaking liquid was discarded, the ratio of water to dried beans, cooking time and temperature and method (e.g., boiling, pressure cooking, commercial canning). In the present study, the only statistically significant difference found between mEGF and EGF in cooked dried pulses was for green lentils (mEGF 2.8 g/100 g higher than EGF). The water to weight of dry pulse cooked was lower for lentils compared to the other pulses, and lower for green lentils than red lentils (Table 3) . It is not unreasonable to assume that more of the cooking water was absorbed into the lentils, and thus more LMSWDF would be retained in the cooked pulse as consumed. These differences in cooking in this study represent normal variations in actual cooking parameters that might occur. The volume of water used for cooking each type of pulse was based on the ratio to the volume of soaked pulse (dry volume for lentils, which were not soaked), and differences in the expansion from soaking led to differences in water volume to dry weight ratios ( Table 3 ). Retention of cooking water might also be greater in canned and pressure-cooked beans. More research is warranted on the effects of different cooking and processing methods on LMWSDF in foods as consumed, for products having a high LMWSDF in the uncooked food. It is also worth noting that sample preparation in literature reports on measurement of dietary fiber, or in samples analyzed to generate food composition data, can vary significantly in ways that might affect retention of LMWSDF. For example, Chen et al. (2016) determined dietary fiber by a modified enzymatic-gravimetric assay in which oligosaccharides (raffinose, stachyose, verbascose) were measured on a separate portion of the bean sample (Kleintop et al., 2013) in several types of cooked dried beans, but the cooking was done on the beans after they were ground to a powder, autoclaved in water, cooled to room temperature, and homogenized with the cooking water. Comparing results on a g/100 g dry weight basis (because that is the only way data were reported by Chen et al., 2016) , mEGF in our study was [26] [27] [28] [29] [30] 33.1, Aragorn peas, and lentils, respectively, in the Chen et al. report, where oligosaccharide contents ranging from 2 to 4.4 g/100 g dry weight were found across these products. We would expect the values to be lower in our study, but comparison is likely confounded by comparing data on a dry weight basis, since the total solids (i.e. the denominator when food component is calculated on a dry weight basis) may change as a result of leaching of fiber (and other components) to cooking water, as discussed in Section 3.2.2, highlighting another challenge in comparing data from different studies for the "same" food.
Non-digestible oligosaccharides and products of polysaccharide hydrolysis. The current definition of dietary fiber allows for inclusion of non-digestible oligosaccharides (see
On the other hand, McCleary (2014) has reported on maltodextrins resulting from amylolysis, that are resistant to the bacterial enzymes used in the enzymatic-gravimetric dietary fiber methods, but are digested in vivo and therefore should not be counted as dietary fiber, and Steps that differ are highlighted in the modified method. K.M. Phillips, et al. Journal of Food Composition and Analysis 84 (2019) 103253 Fig. 2. Total dietary fiber in dried pulses uncooked and cooked (Table 3) and potatoes raw and baked (Section 2.1), on a dry weight basis, as analyzed by (A) enzymatic-gravimetric (EGF) (AOAC, 2005a, b) and (B) modified enzymatic-gravimetric (mEGF) (AOAC 2009 (AOAC .01, 2011 AOAC, 2011 AOAC, , 2012 methods. * Indicates values that differ statistically. Pulses were cooked by boiling and potatoes were baked (see Section 2.1). K.M. Phillips, et al. Journal of Food Composition and Analysis 84 (2019) 103253 proposed a modification of methodology. The amount of these maltodextrins depends on the starch structure and amount of starch in a particular food (McCleary, 2014) . Whether or not a laboratory uses the modified method for determining LMWSDF is also variable.
Measurement uncertainty
The relatively high RSDs for the control materials assayed across multiple batches (Table 4) are not surprising, given that the gravimetric assay actually involves multiple analyses (gravimetric determination of fiber residue, and measurement of residual protein and ash, plus, in mEGF, the HPLC analysis of LMWSDF), and also involves many steps of the assay and the small differences in weight being measured.
The digests after enzyme treatments are filtered through a tared glass crucible with filtering aid (Celite®, diatomaceous earth), and the entire crucible plus filtering aid plus residue is dried and weighed. This limitation is likely the reason the standard methods specify concentrated (freeze dried) food samples. However, as described in Section 4.1.4, this treatment can actually alter dietary fiber components. If the sample is assayed without drying and without a corresponding increase in the sample weight and amount of buffer, very low differences in weight are being measured. For example, a sample containing 3 g EGF/ 100 g has 0.03 g EGF in a one gram sample taken for analysis. The total weight of crucible plus filtering aid is approximately 40 g, which means that a 0.075% difference in weight must be precisely measured, with the tare and final weights being taken a day apart in some cases.
The crucible and filtering aid are dried before weighing, and again with the fiber residue before obtaining the final weight, but the diatomaceous earth is hygroscopic. Moisture can be picked up during the process of weighing at either point, depending on the relative humidity and how well it is controlled. Small amounts of Celite® could also be lost during handling of the crucibles during the assay. Additionally, the assay involves carrying through two replicates of a sample, one of which is destructively analyzed for residual protein and ash, and those contents are subtracted from the weight of the other replicate. Not only is there the assumption that the two samples carried through the assay have the exact same concentrations of these analytes, these assays have their own measurement uncertainty, which is significant given the low concentrations being measured. The Kjeldahl protein assay is crude and was designed for measurement of nitrogen in foods, with a correction factor for conversion to protein that differs for some foods and is based on the assumption that most food proteins contain 16% nitrogen (Jones, 1931) . The source of residual protein in the fiber residue in enzymaticgravimetric dietary fiber assays is primarily the protease enzyme and possibly insoluble peptides if the food protein was incompletely digested. The conversion factor of 6.25 specified to convert Kjeldahl nitrogen to protein in the standard EGF methods is what is used for most intact foods, but may not be accurate for the concentration by weight, even among foods of the same type (Fujihara et al., 2001) , let alone for the residual protein in the fiber residue.
In the mEGF assay, the supernatant from which the soluble fiber is precipitated is also subjected to an HPLC analysis to measure the LMWSDF. Again, since the assay was not optimized based on the content of these components in the original sample, very low concentrations of total LMWSDF, and even lower levels of the multiple individual analytes quantified as part of that analysis, can lead to values below the limit of quantitation, even if the original sample contains a meaningful amount. Some researchers have modified the method to assay oligosaccharides separately from the fiber analysis, in a separate subsample of the material being tested, using optimized sample size and other method parameters for those analytes (e.g., Chen et al., 2016) . While this approach is definitely preferable to obtain a better measure of oligosaccharides, and to obtain separate values for particular chemical compounds comprising "dietary fiber", it could exclude other components of LMWSDF. All of these factors contribute to measurement uncertainty in the gravimetric determination. And, in the case where soluble and insoluble fiber are measured separately and added together to get total fiber (as in AOAC 991.43 for EGF, or the mEGF assay, which also includes separate assay of oligosaccharides in the supernatant after enzymatic digestion).
All of these factors become even more significant based on the analytical sample size and its fiber content. Particularly if, as in some laboratories, the sample is analyzed without freeze-drying and no adjustment to sample size (based on dried weight in the standard methods as written) is made to allow for the moisture content, even smaller residue weights will be measured, leading to values below LOQ. In this study (data not reported), when a 0.5 g sample size (not freeze-dried) was used for EGF in the Starchy Vegetable II CC (˜82% moisture), dietary fiber was less than the limit of quantitation (0.75 g/100 g) (data not shown), when the established concentration is 2.2-3.0 g/100 g ( Table 4 ). Samples of similar matrix (potatoes) assayed in the same batch with same sample size also had < LOQ values. This example also highlights the critical role of control materials in ongoing analysis of dietary fiber (and other food components).
Sample processing that is part of the assay
Both assays prescribe extraction of fat from high fat samples, freezedrying and grinding of samples to a standardized particle size. However, these steps are not always performed by all laboratories or consistently for all food samples, yet may affect the digestion and amount or recovery of fiber from some foods. Research has shown that processing affects solubility and structure of pectin (Menoli and Beleia, 2007; Plat et al., 1988; Qi et al., 2000; Ralet et al., 1991; Thakur et al., 1997; Van Buren, 1986) , and freeze-drying can change the fiber content and composition in some foods (Phillips and Palmer, 1991) . Freezing alone (which was the standard protocol for homogenized samples in the present study, as in most laboratories) could affect sugar composition (Li et al., 1985) and development of resistant starch in some foods (Perera et al., 2010; Raigond et al., 2015) , and disrupts cell walls in raw vegetables and fruits, which affects accessibility of enzymes to starch and the extractability of other components. The particle size to which grains are ground has been shown to affect starch digestion (Berry, 1986; Fuentes-Zaragoza et al., 2011) . Similarly, when seeds are present as part of a food (e.g., poppy seed muffins) they likely would not be broken up when that food is homogenized for analysis. Yet when seeds are analyzed in isolation, they typically would be ground. The effect of seeds on gravimetrically determined dietary fiber has been demonstrated (Cranker et al., 1997) . Thus, the manner in which a sample is prepared for analysis can thus affect dietary fiber content, and to a different extent for EGF and mEGF, further confounding comparison of results between laboratories and methods, and relative to the content in the food as consumed.
Implications for food composition databases and nutrition research
The impact of the changing and variable definition of dietary fiber over time and among different organizations and databases presents challenges for epidemiological and food composition research and the changing needs for more specific data for the health-diet interface. Others have also commented on these issues (Jones, 2014; Stephen et al., 2017; Westenbrink et al., 2013; Zielinski et al., 2013) . As the definition of and methodology for measuring "dietary fiber" have changed over time, so have the values. Values for the same food in different databases also may not represent the content of the very same food components, due to definitional and/or methodological disparities. Consequently, epidemiological studies using food composition data to estimate fiber intake draw conclusions based on whatever is the current definition (and quality and completeness of data) in the food composition database used at the time. And, if dietary fiber values in food composition databases used in such studies, such as the USDA databases (U.S. Department of Agriculture, 2016 Agriculture, , 2019 and other national food composition databases are replaced with values based on changing definition and methods, it will be impossible to relate findings K.M. Phillips, et al. Journal of Food Composition and Analysis 84 (2019) 103253 on the effects of "dietary fiber" intake to health outcomes in observational and cohort studies conducted, at different points in time, or over time in prospective studies, or in meta-analyses (e.g., Bazzano et al., 2003; Buil-Cosiales et al., 2016; Chiavaroli et al., 2015; Veronese et al., 2018; Yang et al., 2015; Wu et al., 2015 ; among many others). Because processed food formulations change, it is not possible to simply recalculate past intake using data for the current food supply (Fig. 4) .
It is important to note that whether or not differences between mEGF and EGF fiber were statistically significant in this study; the values determined by either method are what would be reported as the food values in the database, in each case. When (as in typical use) a food mean value is used, there could be an apparent difference in EGF and mEGF values when there is no statistically significant difference (i.e. due to food or analytical variation), or, conversely a difference when there really is not, due to methodological factors. An advantage of the present study, from a food composition database perspective, is that comparison of dietary fiber values determined by EGF versus mEGF for a given food were obtained for multiple samples and preparations of the same food, rather than repeated measurements on the same sample by the two methods. This approach better represents the way mean values for a food composition database would be generated, by including sample differences (unlike studies that are designed to compare methodology). Sometimes ingredient or processing differences in apparently Fig. 4 . Comparison of mean total dietary fiber values for total fiber determined by traditional enzymatic gravimetric methodology (EGF) (method 985.29; AOAC, 2005b) and by modified enzymatic-gravimetric total dietary fiber (mEGF) (methods 2009.01 and 2011.25; AOAC, 2011 AOAC, , 2012 , including low molecular weight soluble dietary fiber (LMWSDF) and high molecular weight dietary fiber ("HMWDF") fractions (McCleary et al., 2013) assayed as part of mEGF for foods analyzed (Table 6 ). the same "food" (e.g., "dry roasted sunflower seed kernels" or "cooked lentils") could result in different fiber content or content measured by the different enzymatic-gravimetric methods. It is therefore useful to look at the food mean total dietary fiber in the foods as consumed, and per typical serving size, to assess the potential impact of changing dietary fiber values. In just the foods in this study, mean mEGF dietary fiber ranged from −2.0 to +5.5 g/serving relative to EGF (Fig. 5 ). These differences are nutritionally meaningful and can change population-based estimates of intake and adequacy of dietary fiber, for which the median U.S. daily intake has been estimated to be 12-14 g compared to the recommended 28-42 g .
However, the high analytical variability (Tables 4 and 5 ) and wide range in assayed fiber content by both methods among samples of the same food led to no statistically significant difference between EGF and mEGF in some foods, for which a difference might be expected. For example, EGF ranged from 8.0 to 15.1 and mEGF from 9.8 to 12.5 g/ 100 g among three samples of cooked green peas. Considering a serving size of 160 g (250 mL; 1 cup), there is an overall range of more than 11 g/serving, nearly half of a 25 g/day total dietary fiber intake. However, it is reasonable to expect, based on the composition of those foods, that there may be a nutritionally meaningful amount of resistant starch or non-digestible oligosaccharides that could vary widely based on variation in method of preparation (Dhingra et al., 2012; Liu et al., 1993) . The lack of replicate analyses of individual samples in this study preclude separation of analytical variability from sample-to-sample variability on a food by food basis, but the MDDs of up to 3.7 g/100 g (Table 5 ) provide some estimate of the overall difference that could be detected beyond analytical uncertainty (aside from any sample-tosample differences in composition). On the other hand, the statistically significant differences in EGF and mEGF in some foods were not impactful when typical serving size is considered. For example, the 2.2 g/ 100 g difference in sunflower seeds amounts to only 0.6 g per 28.4 g serving.
These observations suggest caution is advisable in interpreting differences in food mean values that are not based on robust sampling, along with informed consideration of food preparation and methodological factors that can affect the fiber composition and analytical accuracy and precision (Sections. 4.1.2-4.1.4) and the expected dietary contribution should be contemplated when prioritizing foods for analysis. The high cost of these assays adds to the need to prioritize foods. Based on the results of this study, there would be no point in trying to measure food mean differences in dietary fiber by the traditional or modified enzymatic-gravimetric methods in cooked dried pulses, wheat bread, tortilla chips or prepared rice, and resources would be wasted on foods like nuts and seeds (unless there was a particularly high intake in a given population or study).
Conclusions
More and better data are needed to assure us that claiming that fiber is a shortfall nutrient is based on the best evidence possible. Improvements to methodology and databases on the content and composition of fiber in food, and education of those using the data on the challenges of reconciling estimates of fiber intake taken years apart and based on different measurement systems are necessary. Dietary fiber methodology has barely changed in the last three decades. The presence of resistant starch and prebiotic oligosaccharides in foods, as potential "dietary fiber" has been recognized since at least the 1980s (for example, Berry, 1986; Dreher et al., 1984; Fleming et al., 1988; Ring et al., 1988 ), yet recent modifications to the traditional enzymaticgravimetric assay have not changed the basic methodology.
Prioritizing foods that need to be analyzed using methodology consistent with the current definition of dietary fiber is also important. Data for dietary fiber in U.S. foods, for example in USDA Legacy SR database , are currently based on the traditional EGF assay. The mEGF assay can cost more than three times as much as the EGF assay. Insight from this study can help inform decisions on which foods to prioritize, based on whether a measurable (and nutritionally meaningful) difference would be expected, or whether the food contains dietary fiber components that are of research interest for 01 and 2011.25; AOAC, 2011 AOAC, , 2012 . [250 mL dry measure = 1 cup; serving sizes from USDA Legacy Food Composition Database and/or measured in this study. particular biological effects or health outcomes (e.g., resistant starch, prebiotic oligosaccharides, beta-glucans). Also, more attention must be paid to the effect of processing on dietary fiber content and composition. For example, different variations of cooking, canning, baking, drying, extruding and other processes can have significant and variable effects on different dietary fiber components, and total dietary fiber content. Thus, the content and functionality of fiber as consumed may not be possible to accurately estimate in a formulated product by simply adding together the fiber contents of each ingredient. As the understanding of the role of "fiber" in health beyond contributing to intestinal motility has increased, the need for more refined food composition data for specific components, not just "dietary fiber", is critical to support observational and prospective studies, and to inform dietary recommendations, as also advocated by other researchers (Englyst et al., 2007; Fuller et al., 2018; Macagnan et al., 2016) . A number of improvements could be made to increase precision and accuracy in the measurement of dietary fiber in foods, and to enhance data for dietary fiber in food composition databases (see Table 7 ). Yet, new values for dietary fiber generated by different methodology should not simply replace previous values; rather additional identification codes should be assigned to total dietary fiber as defined by method of analysis, and for individual dietary fiber components.
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This work was supported by cooperative agreements59-8040-8-005, 60-8040-6-011 and 60-8040-8-005 between the USDA Agricultural Research Service Nutrient Data Laboratory and Virginia Tech Table 7 Suggested steps to improve food composition data for dietary fiber. EGF = enzymatic-gravimetric total dietary fiber (AOAC 991.43) (AOAC, 2005a); mEGF = modified enzymatic-gravimetric total dietary fiber (AOAC 2009 (AOAC .01, 2011 (AOAC, 2011 (AOAC, , 2012 . Improve existing enzymatic-gravimetric methodology • Sample size: Adjust weight of undried samples so that solids are at least 1 g, and reduce buffer volume proportionally.
• Filtering crucibles: Use smaller or lighter weight crucibles to maximize the difference in tare weight and weight including fiber residue • Assay of residual protein: Replace Kjeldahl nitrogen assay with a more direct approach to determining residual protein • Direct assay of non-digestible oligosaccharides in sample, not in supernatant from fiber assay, optimizing sample size and assay parameters to decrease the limit of quantitation • Find ways to reduce the cost and labor intensity of the analysis Ensure analytical method does not alter dietary fiber in the food as consumed
• Eliminate freezing and freeze-drying of foods • Consider whether grinding is representative of digestibility food as consumed • Consider bioavailability and functionality of fiber components and whether current in vitro assay parameters reflect current knowledge about in vivo digestion Implement quality control measures • Include control material of matrix similar in proximate and dietary fiber content and composition in each analytical batch • Develop more certified reference materials, representing foods with a wider range of fiber content and composition • Develop and implement inter-laboratory control materials to enable a cost effective and objective comparison of data across laboratories, methods, and time a Generate better food composition data • Account for differences in dietary fiber content and composition in a given food resulting from different food preparation and processing methods • Do not assume fiber content of ingredients in processed foods are additive based on the composition of the unprocessed ingredients (particularly for high starch foods)
• Consider sources of variability in dietary fiber content when sampling foods (e.g. cultivar, maturity, postharvest storage or processing)
• Ensure that number of samples and sampling plan takes into account expected sources of variability • Harmonize methods for starch, proximates, and dietary fiber so that some components of dietary fiber are not double counted (de Menezes et al., 2016d; Haytowitz and Phillips, 2017) Prioritize foods for updated analysis of dietary fiber • Select foods that are major contributors to fiber intake • Are data for raw foods that are not consumed raw (e.g. potatoes, dried legumes)? • Select foods that contain components not quantified by EGF, estimate the expected difference, and determine whether it would be large enough to be nutritionally meaningful, and to exceed analytical uncertainty (If no difference or no measurable difference is expected, use EGF or mEGF without the LMWSDF assay, due to lower cost.) Generate database of biologically active chemical compounds, not just "dietary fiber" in foods • Analyze each class of compounds [e.g. beta glucan, chitin, oligosaccharides, resistant starch and different types of resistant starch (Ma and Boye, 2018) , pectin, cellulose] in separate assays of the sample, optimized for quantitative analysis and limits of detection and quantitation Retain historical dietary fiber data in food composition databases • Instead of replacing "dietary fiber", define new data field for dietary fiber based on methodology • Educated users of data on changing values and definition of "dietary fiber" in food composition databases, in particular those linked to estimation of dietary intake in epidemiological studies Educate users of food composition data • About the uncertainties and effect of changing methodology on values and interpretation of studies on dietary fiber intake and health outcomes and comparing studies at different points in time • How values for "dietary fiber" are defined by methodology and have changed and may continue to change due to methodology, not change in food intake when • About variability and caution in using food mean values to calculate intake • About the magnitude of analytical uncertainty in enzymatic-gravimetric dietary fiber values, that must be accounted for when comparing data for different samples and/or from different laboratories to avoid attributing analytical differences to biodiversity a e.g. as described in Phillips and Rasor (2016) . K.M. Phillips, et al. Journal of Food Composition and Analysis 84 (2019) 103253 (including funds from interagency agreements between USDA and the
